A cold storage air-conditioning system was built to investigate the energy saving effect of using tetrabutylammonium bromide (TBAB) clathrate hydrate slurry (CHS) as cold storage medium, the corresponding COP during TBAB CHS generation and the pumping power during the cold release were measured. As the increase of the TBAB CHS mass fraction during the generation, the system COP generally decreased from about 1.92-2.95 to about 1.05-1.49, depending on TBAB CHS flow rate. To clarify the performance of this system, several cold storage strategy cases are studied, the corresponding electric power consumption and the cost saving, compared with water as the cold transportation medium, are shown in this work as well.
Introduction
As a n ew kind of phase change slurry material, tetrabutylammonium bromide ([CH 3 (CH 2 ) 3 ] 4 NBr, TBAB in abbreviate) clathrate hydrate slurry (CHS) was studied by many researchers in recent years. Due to the adjustable phase change temperature over the range of 5−12 o C, the good cold-carry capacity which is about 2−4 times of that of chilled water and the good fluidity, TBAB CHS is considered promising in an air-conditioning system, where this slurry can be used both as cold storage and transportation medium.
Researchers in Japan firstly reported this new material for air-conditioning using, and measured the basic thermo-physical properties, including the phase diagram, latent heat, density, heat capacity, thermal conductivity etc. [1, 2] , and they also applied it to a real application [3] . Hayashi et al. [1] , Darbouret et al. [4] , Xiao et al. [5] and Ma et al. [6] all investigated the flow characteristics of TBAB CHS in straight tubes, nevertheless, the results reported were divergent. Moreover, Ma et al. [6] reported the forced convective heat transfer characteristics. However, the application of TBAB CHS is still limited by the deficient studies, and the performance in an air-conditioning system is rarely reported.
In the present study, a cold storage air-conditioning system using TBAB CHS was built and the corresponding performance was presented. System COP during TBAB CHS generation and the pumping power during cold release were both measured, based on which the system energy consumption was numerically estimated in different cases. In addition, the cost saving of using TBAB CHS compared with that of using chilled water as the cold transportation medium was evaluated.
Methodology

Basic thermo-physical properties of TBAB CHS
The TBAB CHS is a kind of solid-liquid suspension with white color, as shown in Fig. 1 , which can be easily generated at atmosphere condition by cooling down the TBAB aqueous solution to supercooling state. The melting temperature, mass fraction, latent heat and other properties (such as density, heat capacity and thermal conductivity) of TBAB CHS are introduced in this section. The melting temperature could be determined with the aid of the phase diagram, which describes the relation between it and the corresponding solution concentration. Differential Scanning Calorimeter (DSC, TA, Q2000) was applied to record the heating processes of TBAB CHS at a heating rate of 0.5 o C/min, and then the phase diagram could be plotted based on the test results, which is shown in Fig. 2 as well as the comparison with that obtained by other researchers.
The volume and mass fraction of CHS can be determined by Eq. (1) and (2), with several requisite parameters provided by the phase diagram.
where ω p is the crystal mass fraction of TBAB CHS, ω 0 is the initial solution concentration, ω H is the TBAB mass fraction in the hydrate crystal, ω liq is the concentration of the liquid phase in the slurry, φ is the TBAB CHS volume fraction, ρ p and ρ liq are densities of the crystal and the liquid phase, respectively. Two different hydrates with different hydration numbers were observed, and the corresponding thermo-physical properties have been summarized by Ma et al. [6] , as shown in Density of TBAB aqueous solution was measured using a balance (FS: 2200g, accuracy: 0.01 g) and a graduated flask (FS: 50 mL, accuracy: 1 mL), while the heat capacity was measured based on the heat balance with water in a plate heat exchanger. Thereafter, these properties of TBAB CHS can be calculated by the corresponding values of TBAB solution we measured and that of TBAB hydrate crystal given in Table 1 . M eanwhile, thermal conductivity of TBAB aqueous solution as well as TBAB CHS was measured by a transient hot-wire unit (the measuring error was less than ±3% while water was applied). All the properties of TBAB CHS (type B hydrate, original 15 wt% solution) are presented in Table 2 . The enthalpy change (Q) of TBAB CHS in a certain temperature range, 5-12 o C for example, is an important parameter which indicates how much cold energy is stored or released. Basically, there are two methods to calculate the enthalpy change of this slurry. One is introducing the slurry fraction change (Δω), the latent heat (ΔH) and the sensible heat (CpΔT) into Eq. (3): The other method is integrating the DSC heating curve against temperature shown in Fig. 3(a) . The comparison between these two methods is shown in Fig. 3(b) . The enthalpy change within the temperature range of 5 to 12 o C calculated by Eq. (3) is about 10.9% smaller than that calculated by DSC curve, and the latter method was applied in the present work. Fig. 4 s hows the schematic diagram of the constructed cold storage air-conditioning system using TBAB CHS. Two thermal insulated tanks (1.2 m 3 ) were used for solution and slurry, respectively. Three Pt100 sensors (accuracy: ±0.15 o C) were employed to record the temperature variations at the bottom, middle and top of the each tank. A double-tube heat exchanger (ShenShi, GT-U0480) with corrugated flow passage was applied to undertake the heat exchange between solution and the evaporating refrigerant. The refrigerator used was an outdoor unit of a commercial air-conditioner, which can switch from cooling to heating by a four-way valve. The used slurry pump was a speed adjustable rotational pump and a stabilizing tank located at the downstream of the pump was used to stabilize the flow. A simple agitator was mounted on the slurry tank, which was operated to avoid the deposition of crystals. A plate heat exchanger (Swep, B8×30) was selected as the load side heat exchanger since its high heat transfer rate, and hot water acted as the cooling load. The hot water was stored at an insulated water tank before experiment and was drained after used. Moreover, pressure sensors (accuracy: 0.1%) were located at different positions of the fluid flow to measure the pressure drop, and the electric power consumed by the refrigerator and the pump were measured as well. The test was divided into three steps based on the state of the TBAB CHS: (1) The aqueous solution was cooled to supercooling state. However, the supercooling state cannot be achieved by only one cycle from the solution tank to the slurry tank due to the limited cooling power of the refrigerator. As a consequence, the solution must be continuously pumped through the double-tube heat exchanger from and back to the slurry tank. (2) Hydrate crystals appeared. Accompanied with mechanical shocks between the returned fluid and the stored fluid, TBAB hydrate crystals can be generated in the supercooled solution, and the fluid temperature increased because of the released latent heat. Moreover, sometimes the agitator should be operated to accelerate the hydrate crystal generation. (3) TBAB CHS was kept cooled to reach the desired crystal fraction. (4) TBAB CHS was pumped to the load side to release the stored cold energy, and afterwards became aqueous solution again and flowed back to the solution tank.
Experimental set-up and CHS generation method
The crucial disadvantage during the entire test occurred in step 3. Before the desired hydrate fraction was achieved, TBAB CHS was continuously cooled and hydrate crystals grown inside the heat exchanger. The generated crystals would adhere to the heat transfer surface where the temperature was extraordinary low. The adhered crystals layer deteriorated the heat transfer between refrigerant and TBAB CHS. The worse thing was that the refrigerant temperature dropped a lot to maintain the heat exchange, which resulted in forming more hydrate crystals and creating thicker crystal layer on the heat transfer surface. A malignant cycle occurred, the hydrate crystals were difficult to be continuously produced and the system efficiency became low.
Three methods are mainly proposed to solve the aforementioned low-efficiency problem: (1) Maintaining the refrigerant temperature at a certain temperature range by adjusting the refrigerant flow rate. (2) Increasing the flow velocity of the TBAB CHS to be high enough to flush and break off the crystal formed on the flow passage wall so that to ensure a good heat transfer. (3) Operate the refrigerator reversely from cooling to heating for a while to melt the adhered hydrate crystals. In this work, a manual needle throttle valve was applied to implement the first method, and it was found that more accurate control of the throttle valve was needed. Thus, the method (2) and (3) were applied to ensure the continuous generation of hydrate crystals and high system efficiency, as shown in Fig. 5 . With high flow rate (about 16-18 kg/min in Fig. 5 ) and reverse operation, we obtained 31 wt% TBAB CHS successfully. 
Results and discussions
The system COP during the CHS generation was calculated by Eq. (4): cold energy stored by TBAB CHS refrigerator power pumping power COP = +
It should be claimed that the stored cold energy was all calculated from 15 o C solution to the stored TBAB CHS. Fig. 6 shows COP as function of the mass fraction as well as the flow rate. The COP of 0 wt% TBAB CHS shown in the figure was the average system COP before the hydrate appearance. The hydrate crystals were generated instantaneously, thereafter about 14-16 wt% mass fraction was soon reached, hence COP from the beginning to this moment was higher than that before the generation. However, as increase of the mass fraction, COP reduced from about 1.92-2.95 to about 1.05-1.49 due to the aforementioned crystals adherence to the heat transfer surface. Meanwhile, the reverse operation of refrigerator consumed additional energy, which was another attributor to the COP reduction. As mentioned, high flow velocity was beneficial to the heat transfer between TBAB CHS and refrigerant, since the adhered crystals would be flushed down by the strong shear force, which was validated by COP profile shown in the figure-higher flow rate generally led to a higher COP. However, this phenomenon depended on the performance of the pump.
The pumping power during the cold release will be reduced if TBAB CHS is applied as the secondary refrigerant instead of chilled water due to its higher cold-carry capacity and thus the flow rate is lower. Fig. 7 pr esents the pumping power of water, 20 w t% CHS, 25 w t% CHS and 30 wt% CHS as the function of the cooling load during the cold release. As seen in the figure, more energy saving on pum ping power was achieved by using TBAB CHS with higher mass fraction. A study case is assumed for better exhibiting the performance of TBAB CHS. The assumed cooling load is in eight hours in daytime, during which the average cooling load is 21 kW and the maximum value is 33 kW, therefore the totally cooling duty is 604800 kJ . Fig. 8 shows four types of system operation strategies. For each case, 20 wt%, 25 wt% and 30 wt% CHS are applied, the system COP during the TBAB CHS generation is about 2.10, 1.79 and 1.54, respectively based on the results in Fig.6 (flow rate: 16.5 kg/min). The storage ratio (which is the ratio of the storage cold energy to the total required cold energy) of case 1 and case 2 is 40% while that of case 3 a nd case 4 i s 60%, the other cooling load is satisfied by the refrigerator (average system COP is about 2.32) while considering water as the secondary refrigerant. Moreover, assume the application of water as case 5 f or the comparison, and consider water as the secondary refrigerant for all the cold release and no cold storage is conducted. Fig. 9(a) shows the electric power consumption with all the study cases based on the present system. It can be seen from the figures, the power consumption increases as the increase of the mass fraction, which is obviously caused by the lower system COP. All the power consumptions in cases 1-4 are higher than that of case 5, w hich means there is no e nergy saving of the application of TBAB CHS compared with water. However, the operation cost does decrease as the increase of TBAB CHS mass fraction and the cost saving is shown in Fig.  9 (b) (the price of the electricity is taken as 0.3 RMB/kWh during night time while 0.6 during daytime), about 8-27% cost saving can be achieved. However, since the the present system is limited by the room space, the piping from the storage tank to the load side is very short and thus the pumping power shown in Fig.7 is not coincident to the practical system with the assumed cooling load. Therefore, we re-calculate all the cases with amplifying the pumping power to 3 times as large as the present measured values during the cold release, the original case 1-5 become to case 1'-5'. Fig. 10(a) and (b) show the corresponding electric power consumption and the cost saving. It is noticed that about 1.4-3.5% energy saving is achieved, calculated by 20 wt% TBAB CHS with all the operation strategies, while the cost saving increases to about 10-29%. 
Conclusion
The present work mainly constructed and tested a cold storage air-conditioning system using TBAB CHS and estimates the energy consumption. The system COP decreased from about 1.92-2.95 to about 1.05-1.49 during CHS generation. The energy saving by using TBAB CHS instead of water was not achieved as expected since the piping was short and the pumping power was low in the present system, while 8-27% cost saving was achieved. However, about 1.4-3.5% energy saving could be achieved if the pumping power was amplified to 3 times as large as the original values, meanwhile the cost saving was about 10-29%. 
